Background. The optimal perioperative use of intensive care unit (ICU) resources is not yet defined. We sought to determine the effect of ICU admission on perioperative (30 day) and long-term mortality. Methods. This was an observational study of all surgical patients in Scotland during 2005-7 followed up until 2012. Patient, operative, and care process factors were extracted. The primary outcome was perioperative mortality; secondary outcomes were 1 and 4 yr mortality. Multivariable regression was used to construct a risk prediction model to allow standard-risk and high-risk groups to be defined based on deciles of predicted perioperative mortality risk, and to determine the effect of ICU admission (direct from theatre; indirect after initial care on ward; no ICU admission) on outcome adjusted for confounders.
between hospitals, suggesting that institutional factors may be implicated. [8] [9] [10] Historically, reduced access to intensive care resources has been cited as a reason for variation in outcome after surgery.
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Identifying the patients at highest risk of dying or developing major complications in the postoperative period remains a major challenge. There is evidence that the proportion of patients who die from postoperative complications varies between hospitals; the so-called 'failure-to-rescue' group. 8 Thus, routine postoperative admission to critical care after many types of high-risk surgery has long been regarded as an important standard of care; 11 however, little evidence to support this exists and that which does is conflicting. 7 9 12 There is great interest in identifying which groups of patients are likely to benefit from use of perioperative critical care and whether it offers advantages over standard care after major surgery. The effect of intensive care unit (ICU) admission on postoperative outcome is not something that can easily be tested in a clinical trial, hence the reliance on observational studies. 13 High-quality, linked data are available for all patients treated in National Health Service hospitals in Scotland. We sought to use these data to describe the patient characteristics and shortand long-term outcomes of all patients in Scotland undergoing non-cardiac surgery, to explore factors associated with greater risk of death, and to describe current use of intensive care services in Scotland for surgical patients. In particular, we wished to determine the association between mortality and direct admission to the ICU compared with patients admitted to the ICU after a period of care on the ward.
Methods

Ethics, sponsorship, and indemnity
The Chairs of South East Scotland Research Ethics Committees 01 and 02 reviewed the study protocol and waived the need for a full ethics submission. The study underwent review by Information Services Division's (ISD) Privacy Advisory Committee, which undertakes the role of Caldicott guardianship (Reference PAC 58/11).
Study population and data sources
We used a cohort study design with data held by ISD Scotland. These data are complete, linked, comprise all hospital and ICU admissions in Scotland, and have a low incidence of missing data. 14 15 16 was used to identify general surgical procedures. We excluded cardiac and neurosurgical procedures because these patients all have established patient pathways or are managed in specialist centres. In addition, we excluded admissions involving endoscopy, organ transplantation, obstetrics, or the surgical management of burns. For patients with more than one included surgical procedure during the 3 yr study period, we used only the first surgical procedure.
Variables
For each patient, a full data extract was requested, including: age; gender; socio-economic status; surgical OPCS code; diagnosis on admission to hospital [using International Classification of Diseases, 10th Edition (ICD-10) code]; surgical status (elective vs emergency classification); and number of hospital admissions in the 5 yr before the index hospital admission. The OPCS codes and ICD-10 codes were grouped based on frequency. In addition, we reported a measure of co-morbidity using a count of co-morbidities that constitute the Charlson co-morbidity index, a measure of co-morbidity derived from 17 chronic conditions. 17 This approach has been used in other investigations. 18 Socio-economic status was assigned using quintiles of the Scottish Index of Multiple Deprivation (SIMD), which is based on area of residence and comprises multiple domains of differentially weighted measures of deprivation, including income, employment, education, crime, and housing. 19 Operative severity was assigned to each procedure using the 'BUPA Schedule of Procedures'. 20 BUPA operative severity and emergency surgical status are used in 'Physiological and Operative Severity for the Enumeration of Morbidity and Mortality' (POSSUM), a widely used risk prediction tool for comparative surgical audit. 21 We ascertained admission to an ICU by linkage to the Scottish Intensive Care Society Audit Group (SICSAG) database and obtained ICU-specific variables for those admitted to the ICU, as follows: severity of illness score on ICU admission [measured by Simplified Acute Physiology Score II (SAPS II)]; SAPS II-predicted mortality; requirement and duration of organ support (mechanical ventilation, renal replacement therapy, and cardiovascular support); ICU length of stay; and ICU mortality. Patients were classified by the main exposure variable as follows: those not admitted to ICU during the first 7 days after surgery ('no ICU admission'); those whose ICU admission occurred immediately after surgery (i.e. transferred directly from theatre or recovery room to ICU, 'direct ICU admission'); and those who were admitted to the ICU after 7 days in a non-ICU environment after surgery ('indirect ICU admission'). The primary outcome measure was death within 30 days of the procedure (perioperative mortality). Secondary outcomes were 1 and 4 yr mortality and duration of hospital admission. The 4 yr follow-up was assumed to be complete for all patients. Scottish national statistics indicate that the population has low levels of emigration; 1.3% in total and 0.7% in those aged >35 yr.
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Statistical analysis
Univariable analyses were done to test the association of patient and operative factors with mortality at 30 days and 1 and Editor's key points
• High-dependency and intensive care beds are limited in many parts of the world.
• Unplanned admission to intensive care is a wellvalidated clinical indicator of quality and safety.
• This study found a strong association between unplanned admission to intensive care with both shortand long-term mortality.
• Routine preoperative identification of those most at risk of serious postoperative complications should lead to a direct admission to intensive care. 4 yr. Independent predictors of mortality at these three time points were identified using multivariable logistic regression models. Using 30 day mortality as the dependent variable, we grouped patients into deciles by predicted mortality using variables in the multivariable model with the addition of first-order interactions that improved model fit based on the area under the receiver operating curve and Bayesian Information Criterion (interaction terms comprised: BUPA surgical status*OPCS procedure chapter; emergency surgical status*OPCS procedure chapter). We undertook model checks and assessed discrimination, overall performance, and calibration, reporting the area under the receiver operator curve, Brier score, and HosmerLemeshow goodness of fit. Patients in the highest risk decile were deemed 'high risk'; all other patients were deemed 'standard risk'.
All analyses were undertaken using Stata 13 (StataCorp, College Station, TX, USA) and R (R Foundation, Vienna, Austria). We report descriptive and outcome data for standard-and highrisk groups and for patients with no ICU admission, direct ICU admission, and indirect ICU admission, with statistical testing where appropriate. We evaluated the association between ICU admission status and survival in high-risk patients using direct admission to the ICU as the reference category, adjusting for potential confounders using multivariable logistic regression. We present these associations on both relative and absolute scales of risk. Risk on a relative scale remains constant across risk deciles but gives less clear indication of its impact at a population level. We therefore calculated adjusted absolute risk differences across deciles of predicted risk using the 'margins' command in Stata. Survival analysis was undertaken for 4 yr mortality and groups were compared using the log-rank test. Statistical significance was set at P<0.05.
Subgroup and sensitivity analyses
To examine patterns of ICU use more fully and potentially to reduce confounding, the following subgroups were analysed: all high-risk patents and patients having elective, major colorectal surgery, and emergency vascular surgery. We chose the last two groups because the procedures are commonly performed major procedures with a high rate of ICU admission. Given that a potential immortal time bias exists (those in the indirect ICU group were required to survive long enough to be admitted to the ICU to a maximum of 7 days after surgery, which was not the situation in the other two groups), we undertook a sensitivity analysis restricted to those alive on successive postoperative days up to postoperative day 8 to ascertain the potential magnitude of this bias.
Results
Study cohort characteristics
A full description of the study cohort, including outcome data, is provided in Table 1 . There were 1 014 796 patient records with included codes identified. After exclusion of records relating to re-admissions, patients aged <16 yr, non-surgical or diagnostic procedural codes, and discordant operative or death dates, 572 598 patients remained. A flowchart outlining the selection of the study cohort is presented in Supplementary Fig. 1 . A total of 5294 (0.9%) patients died before discharge from hospital and 59 799 (10.4%) died by the end of the 4 yr follow-up period. The commonest five 'complex major' surgical procedures for the whole cohort and important subgroups are outlined in Table 2 .
Predictors of 30 day mortality and creation of risk groups
In univariable and multivariable analyses of the whole cohort, statistically significant associations were seen between mortality at each of the three time points and all variables (Supplementary Tables 1 and 2 ). A multivariable model constructed to predict perioperative mortality with additional interaction terms demonstrated excellent discrimination (area under the receiver operating curve¼0.922; Supplementary Fig. 2 ) and reasonable calibration and overall performance, with slight underprediction of mortality in risk decile 8 (Supplementary Fig.  3 ; Hosmer-Lemeshow test statistic v 2 ¼34.7, P ¼ <0.001; Brier Score 0.008). Baseline descriptive and outcome data for standard-and high-risk groups derived from this model are provided in Table 1 .
Postoperative ICU admission
The rate of direct admission to the ICU in standard-and highrisk cohorts was 0.4 and 4.8% and the rate of indirect admission to the ICU 0.1 and 1.6%, respectively ( Table 1) . Patients admitted directly to the ICU from the operating theatre or recovery room were more likely to be older and having emergency or BUPA category 4 or 5 ('majorþ or complex major') surgery when compared with those admitted indirectly. When restricted to the high-risk group, increased representation of majorþ and complex major surgery was the only significant difference between groups. The total duration of hospital admission was longer in patients admitted to the ICU after surgery; this was greatest in the group with indirect admission. When compared with direct ICU admission, patients admitted indirectly to the ICU had greater severity of illness on ICU admission, higher predicted and observed risk of mortality, longer duration of ICU stay, and increased requirement for ventilation and other forms of organ support (Table 3) . Compared with direct admission to the ICU, the unadjusted risk of death at 30 days was lowest in patients who were not admitted to the ICU during the 7 days after surgery [odds ratio (OR) 0.46; 95% confidence interval (CI) 0.43-0.52; P<0.01] and increased in those with indirect ICU admission (OR 1.91, 95% CI 1.65-2.22; P<0.01). After adjustment for case-mix and risk factors, these associations persisted; no postoperative ICU admission was associated with reduction in the risk of death at 30 days (OR 0.26, 95% CI 0.23-0.29; P<0.01), and indirect ICU admission was associated with further increased risk of 30 day mortality (OR 2.39; 95% CI 2.01-2.84; P<0.01) when compared with direct ICU admission. Figure 1 illustrates the increased risk in indirect compared with direct ICU admission adjusted for confounding across deciles of predicted risk on an absolute scale of risk. The magnitude of increased risk of perioperative mortality in the indirect vs direct ICU admission groups was <1% for risk deciles 1-6, increasing to 1.9% (95% CI 1.4-2.4%) in decile 8, 4.2% (95% CI 3.2-5.2%) in decile 9, and 13.5% (95% CI 10.6-16.4%) in the highest risk decile. Increased long-term mortality was observed in the indirect ICU admission group relative to other groups for 1 and 4 yr mortality (Table 4 ) and in survival analysis throughout the full follow-up period of 4 yr (Fig. 2) .
Subgroup and sensitivity analyses
In subgroup analyses, similar associations were seen in analyses restricted to the high-risk group (Table 4) ; after adjustment for case-mix and risk factors, no postoperative ICU admission was associated with a reduction in the risk of death at 30 days (OR 0.32, 95% CI 0.28-0.36; P<0.01), and indirect ICU admission was associated with further increased risk of 30 day mortality (OR 1.71; 95% CI 1.41-2.08; P<0.01), when compared with direct ICU admission. The subgroups of major elective colorectal and emergency vascular surgery demonstrated a similar magnitude of increased risk of perioperative mortality in the indirect ICU admission group relative to the direct group (Table 4) .
In the sensitivity analysis to assess the potential effect of immortal time bias, the adjusted risk of death for those admitted indirectly to the ICU compared with those admitted directly to the ICU was highest for those alive on the third postoperative day (OR 2.65, 95% CI 2.20-3.20, compared with OR 2.39 in the primary analysis). This indicated that the likely magnitude of the immortal time bias was small ( Supplementary Fig. 4 ).
Discussion
The principal finding of this study was that after adjustment for case-mix and risk factors, indirect postoperative admission to an ICU was associated with increased perioperative and longterm mortality. A 4 yr follow-up was available for all patients in this study; however, 30 day to 1 yr mortality is likely to be the time period most affected by postoperative ICU admission. These findings were observed in the whole cohort and when restricted to a high-risk cohort and specific groups of high-risk surgical procedures. In absolute terms, the magnitude of increased risk is most marked for patients in the top two deciles of postoperative risk, suggesting a number needed to treat of 7 to prevent one postoperative death in the highest risk decile. Compared with direct ICU admission, no ICU admission was associated with lower risk of death even in the high-risk cohort. This is likely to represent residual confounding. Surgical patients make up a sizeable proportion of ICU admissions. Of particular concern to clinicians are 'failure-to-rescue' patients (i.e. those who die from early postoperative complications). 8 Other studies have suggested increased mortality associated with delayed ICU admission as a result of lack of bed availability in mixed medical-surgical populations 23 24 or in patients held in postanaesthesia care units. 25 Our work focuses on the decision to admit patients directly to the ICU after surgery, for logic dictates that if patients are identified as being at high risk of developing postoperative complications, elective admission to an ICU will enable early recognition and prompt treatment should they occur, resulting in improved survival.
Our findings are consistent with other recent estimates of 30 day and 1 yr mortality after high-risk surgery 26 and another recent epidemiological study of ICU use in Medicare beneficiaries undergoing major surgical procedures in the USA. 12 The latter study suggested little consensus on admission criteria and no evidence of improved outcome associated with routine ICU admission. After certain procedures, the study demonstrated an association between ICU admission, increased length of hospital admission, and costs. We believe that the present study has the following strengths. Firstly, to our knowledge, this is the first directlinkage cohort study to report complete short-and long-term outcomes after surgery at a national level. Other studies have used data from large administrative databases that do not have full national coverage (e.g. Medicare, 12 Veterans Affair beneficiaries 5 27 in the USA) or data sets with no linkage to ICU or registry data, thereby necessitating an ecological approach, with potential for bias. 7 9 Secondly, previous studies have defined the high-risk surgical group by surgical procedure only. 13 The methodology used in our study has the advantage of considering both patient-level and operative-level factors to predict outcome, with excellent discrimination and overall model performance, although the risk prediction model requires validation in an external data set. This study demonstrates a group of patients at particularly high risk of perioperative mortality and the variable use of critical care facilities, which has not been reported previously at a population level. Despite access to high-quality data, these findings may be subject to bias and residual confounding. Only first admissions in the 3 yr period were included to allow long-term follow-up. As re-admitted patients are often sicker and have more comorbidities, this may have introduced selection bias. We were unable reliably to identify patients admitted to high-dependency units in our data extract. Finally, the decision to admit a patient to the ICU after surgery is often multifactorial and includes reasons not easily captured in administrative data, such as unexpected perioperative events, concerns by the clinical team, and the availability of ICU beds. Even with exhaustive attempts to adjust for differences in case-mix, we were not able to account fully for these factors.
This study highlights important issues around how ICU resources are used after surgery. Firstly, absolute increases in mortality between indirect and direct admission to the ICU are greatest in higher risk deciles, as expected. If it were possible to Intensive care and outcome after high-risk surgery | 127 
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identify patients in advance who were admitted to the ward but who subsequently required ICU admission, admitting 24 of these patients in risk decile 9 electively to the ICU might prevent one perioperative death (number needed to treat¼24); likewise, admitting seven of these patients in the highest risk decile might prevent one perioperative death (number needed to treat¼7). This suggests that, at a population level, this group of patients would benefit most from direct ICU admission after surgery. Secondly our data suggest that the type of surgery rather than patient factors (e.g. co-morbidity) may drive the decision to admit patients to ICU after surgery. Finally, in common with other studies, 12 morality was higher in patients admitted directly to the ICU compared with no ICU admission either in the high-risk group or in predefined subgroups even after adjustment for potential confounders. This indicates residual confounding.
The indication for elective admission to the ICU after major surgery remains unclear. Many of the advantages of ICU care can now be delivered in a specialist ward or high-dependency unit setting. Few surgical patients require invasive monitoring or organ support after surgery; instead, analgesia, early mobilization, fluid therapy, and early identification of complications can be delivered in other settings without some of the potential disadvantages associated with ICU admission, such as delayed mobilization or risk of hospital-acquired infection. 28 Thus, it may be the availability of ICU beds for those who require them 9 10 rather than routine admission for many types of low-risk major surgical procedures that is the more important factor. 12 In conclusion, in a national linked cohort study and after adjustment for patient, surgical, and socio-economic factors, the highest mortality rates were observed in patients admitted to the ICU after a period of care on a standard ward, and the absolute increase in risk was most marked in the highest risk patients. Future studies are required to improve perioperative management pathways for this high-risk group, including optimal use of critical care resources.
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